Abstract
Introduction
The mineralogical transformation of calcareous clays during firing for the manufacture of ceramic products have been discussed by many authors (González-García et al. 1990; Dondi, et al. 1999 Dondi, et al. , 1998 Riccardi et al. 1999; Cultrone et al. 2001; Bauluz et al. 2004) . The formation of free CaO, after the thermal decomposition of calcite which starts at ~600ºC and completed around 800-850ºC, promotes nucleation of high temperature crystalline phases through reactions with the dehydroxylated phyllosilicate minerals. A series of phases including Ca-silicates of Ca-Al-silicates such as wollastonite (CaSiO 3 ), gehlenite (Ca 2 Al 2 SiO 7 ), anorthite (Ca 2 Al 2 Si 2 O 8 ), fassaite or "ferrian aluminian diopside" according to the IMA, (Morimoto, 1988) ((Ca,Na) (Mg, Fe 2+ , Fe 3+ , Al, Ti)(Si, Al) 2 O 6 ) could be formed. Their presence in ancient sherds could aid to make inferences about the chemical composition of the raw materials employed by the ancient potters as well as the firing conditions (i.e. the maximum firing temperature, heating rate, soaking time and kiln redox atmosphere) they have followed. This information is essential for the establishment of the ancient technology.
difficulties to establish, in a straightforward manner, the provenance of their raw materials and the determination of manufacturing technology (Heimann & Maggetti, 1981; Owen & Day 1996; Buxeda et al. 2002) . This paper is focused on the assessment of the reasons which affect the formation and stability of melilite phase (gehlenite) in ancient fine wares, a crucial mineral for the archaeometric investigation. Results are drawn by comparing mineralogical and petrographic data of ancient sherds with ceramics produced in the laboratory. The experimental ceramics are made of clay-rich raw materials which exhibited the best mineralogical and chemical affinity to the raw materials used in the ancient ceramics (Rathossi et al., 2003; Rathossi et al., 2004; Rathossi, 2005; Rathossi & Pontikes, 2010a, b) .
Materials and Methods
The ancient ceramic sherds are representative of Roman lamps (second half of the 1 st c. A.D. to early 4 th c. A.D.) derived from three excavations in the city of Patras which unearthed two workshops (A and B) and one Lychnomanteio (Fig. 1a) . Lamps were found and collected from a depth of 1 to 1.5 m. They are characterized as fine wares due to their fine grain size (<0.2mm). Petrographic, mineralogical and geochemical study of 107 lamp sherds and 59 clay-rich samples collected from the prevailed Plio-Pleistocene sediments in the neighbour of the archaeological sites (Fig. 1b) , established the local origin of raw materials for Roman lamps production (Rathossi et al., 2003; Rathossi, 2005) . Detailed information concerning their sampling location and geology is provided in the aforementioned references. Three clay-rich samples from the Plio-Pleistocene formation (sampling location 1, 3, 4, Fig. 1b) were chosen, as they exhibited the highest degree of similarity with the ancient raw materials. The firing tests at the laboratory were performed at different conditions, in an effort to mimic the firing procedure applied in Roman times as reported in archaeometric investigations (Rathossi, 2005) .
For the preparation of experimental ceramics, the clay-rich raw samples were gently crushed by hand in an agate mortar, without any refinement. The powder was mixed with water and the plastic mass was shaped by hand in discs, of 5cm dia. by 1.5cm height, approximately. After drying at room temperature for five days, the discs were placed in a resistance oven at 50 °C for 24h. Firing was performed in a resistance and a propane-firing kiln up to 850, 950 and 1050 °C. Heating and cooling rates in all firing experiments were 3 °C min -1 and soaking time was 1h. Twenty-seven experiments were conducted; for each sample, three firing temperatures, in static air, oxidising and reducing atmosphere, were tested. The firing atmosphere in gas kiln was controlled by regulating the primary and secondary air flow; Bernoulli-type burners were used. Firing initiated in oxidising atmosphere and the transition to reducing atmosphere, where applicable, took place at 800 °C and throughout the soaking period. During cooling, the firing atmosphere was maintained and was inverted to oxidising for a temperature below 800 °C. The measurement of the firing atmosphere was performed using a flue gas analyser employing electrochemical cells, measuring O 2 and CO and calculating CO 2 (Testo 335, Germany). A sample of hematite powder was placed next to the clay body during the firing tests in order to be used as diagnostic for the specific firing conditions. For oxidising firing, the ratio CO/CO 2 , %, ranged from 0.2 to 4.4 and for reducing firing, the ratio CO/CO 2 , %, ranged from 11.2 to 23.0.
The chemical composition of the major elements for the ancient ceramics and clay-rich samples was determined by Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) at ACT-LABS, Ancaster, Ontario, Canada. Detection limit for major elements is 0.01%. The analytical precision calculated from replicate analysis of one sample is better than ±1%.
Cross-sections of the ancient sherds, clay-rich samples and their ceramic specimens were mounted on glass, sectioned to a thickness of 30-40μm, and polished for analysis by polarizing and scanning electron microscope (JEOL 6300). Powdered samples were also subjected to X-ray diffraction (Bruker D8 Advance, equipped with a LynxEye® detector) studies to determine the high-temperature crystalline phases formed during firing in both ancient ceramics and test samples. The scanning area covered the 2θ interval 2-70°, with a scanning angle step of 0.015° and a time step of 0.3s. Qualitative analysis was performed by the DIFFRAC plus EVA® software (Bruker-AXS) based on the ICDD Powder Diffraction File. The mineral phases were quantified using a Rietveld-based quantification routine with the TOPAS ® software (DIFFRAC plus TOPAS Ver. 3.0 Tutorial, Bruker-AXS).
XLIII, No 2 -858 Zelilidis et al. (1988) and tectonic data after Doutsos et al., 1988. (Fig. 2a) . Hence, gehlenite is expected to have been crystallized in higher amount than clinopyroxene in low fired lamps (T≈800°C). In lamps fired at temperature higher than 1000°C or for prolonged retention at the maximum temperature, the gelhenite content is expected to have been diminished as it is reacted with residual quartz towards anorthite and wollastonite (Peters & Iberg, 1978; Riccardi et al., 1999; Traoré et al., 2000) .
Results and Discussion
The above-mentioned expected trend, well documented in the literature, seems to be in contradiction with the mineralogical results recorded for ancient sherds. X-ray diffraction analyses of Roman lamp sherds fired at low temperature 800-900°C show higher amount of clinopyroxene (fassaite) compared to gehlenite. The latter mineral, in the studied sherds, is present as a minor constituent, even if at these temperatures the formation of gehlenite in Ca-rich ceramics is expected to be intense. The estimation of the firing temperature of the ancient sherds is based on the preservation of the basal reflections (001, 110) of white mica and their low content in new high-T mineral phases (Maggetti, 1981; Cultrone et al. 2001; Rathossi & Pontikes 2010a) . The preservation of mica suggests that the neo-crystallization is in early stages.
The very low amount of gehlenite in Roman lamps at low temperature (T≈800-850°C) is predominantly attributed to the mineralogical/chemical composition and the grain-size distribution of their raw materials. In detail, to the:
(i) very fine grained calcite (micrite and/or sparite) in the majority of samples, (ii) homogeneous dispersion of calcite in the micromass and (iii) CaO content, which ranges between 5 and 15wt%
These reasons favour the crystallization rate of clinopyroxene (fassaite) at the expense of gehlenite, already from 800°C (Peters & Jenni, 1973; Noll, 1978; Maniatis & Tite, 1981; Veniale, 1990 ).
In addition, three more hypotheses are being forward:
The burial conditions of ceramics have an impact on the alteration phenomena.
According to Heimann & Maggetti, (1981) , Nomura & Miyamoto, (1995) and Wang & Becker, (2009) Gehlenite could be decomposed also under the conditions of a humid climate (humid acid, sodium salt, with CO 2 -charged solutions, pH 8.5) or under the presence of a Na 2 CO 3 solution. Ca could be extracted from gehlenite due to a high chemical potential of CO 2 and metastable vaterite and small traces of aragonite are formed. Both gradually transform to calcite, the most stable polymorph. Al and Si (residue of decomposed gehlenite by the Ca extraction) could react with Na in a fluid to form analcite or (hydro) sodalite.
Alternatively, according to Nomura and Miyamoto (1998) , organic carbon might react with O 2 in the fluid to generate CO 3 2-under oxidising conditions. Then gehlenite is attacked by the CO 3 2--rich fluid to generate a Ca 2+ rich fluid from which calcite crystallized. The dissolution of gehlenite by the fluid also releases Al and Si ions (into the fluid), and together with Na, which may dissolve from the glassy matrix, could form (hydro) sodalite or other aluminosilicates.
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Except of calcite, no reflections of wairakite and Ca-montmorillonite or analcite and (hydro)sodalite have been detected in X-ray patterns of ancient ceramics considered in this study, whereas the presence of scawtite can not be resolved because its basal peak (3.02Å) overlaps with the basal peak of calcite (3.03Å). As gehlenite seems to be more susceptible to aqueous alteration compared to clinopyroxene and anorthite and in combination with the detection of calcite in Roman lamps, it cannot be precluded the possibility of a slightly chemical weathering of lamps during burial processes.
The thermal stability of gehlenite is affected by the redox atmosphere in the kiln.
Concerning the influence of firing conditions on the thermal stability of gehlenite, a plausible hypothesis is the effect of redox atmosphere in the kiln. Indeed, the crystallization of Al-Fe-rich clinopyroxene (fassaite) in ancient sherds indicates a high oxygen fugacity fO 2 approaching or slightly exceeding the HM buffer (Hijikata & Okuma, 1969; Onuma & Yagi, 1975; Oba & Onuma, 1978; Onuma et al., 1981; Onuma, 1983) . Thus, it could be assumed that the oxidising conditions XLIII, No 2 -860 Table 1a ) and (b) three clay-rich raw materials used in experimental work (full square= sampling location 1; full rhomb= sampling location 4; full triangle= sampling location 5; see also Table 1b ).
Fig. 3:
Representative photomicrographs displaying the similarity of the petrographic fabrics between (a) a very low fired roman lamp (T ≈650ºC) and (b) a local clay-rich sample (from sampling location 4 in Fig. 1b) , representative of the raw material of ancient sherds, which was used in the experimental work. The lighter colour of ancient sherd micromass results from the firing procedure. which prevailed in ancient kilns influenced the formation of gehlenite. However, the firing experiments on the three local clay-rich samples best representative of Roman lamps' raw materials in relation to chemical composition, mineralogy and grain-size distribution, (Fig. 2b, Fig. 3 ), did not result to a clear correlation between firing conditions tested and degree of formation for gehlenite. Specifically, the X-ray diffraction analysis of experimental ceramics fired at 850°C, determined that gehlenite is formed at considerable amounts (Rathossi & Pontikes, 2010a, b) , contrary to the lower amounts in ancient lamp sherds fired between 800 and 900°C (Fig. 4a) .
The duration of firing cycle influences the thermal stability of gehlenite.
The petrographic observation was a powerful tool in combination with X-ray diffraction analysis to clarify better that the sintering duration is one of the reasons for the low amount of gehlenite in ancient sherds. During petrographic and mineralogical analyses, the presence of calcite (Fig. 4b) is detected even in samples fired at high temperatures (T=1000-1050°C) where fassaite and anorthite dominate. The simultaneous coexistence of calcite with high-T minerals practically eliminates any hypothesis of primary calcite, strengthening the assumption of a secondary's origin calcite, i.e. formed by:
(i) filtration of calcareous aqueous solutions during burial conditions, followed by the recrystallization of secondary calcite, (ii) secondary calcite formed by the decomposition of gehlenite under post-burial chemical leaching and (iii) the recarbonation of portlandite [Ca(OH)2] generated by the hydration of unreacted lime (CaO) In particular, analysis on the petrographic fabric of several high fired sherds (T=1000-1050°C), revealed either pores filled with calcite crystals forming blocky aggregates and/or needles of calcite with chaotic spatial orientation (calcitic hypo-coating, Fig. 5a ) or concentration features (i.e. speckled, striated b-fabric, Kemp 1985) formed by calcite dispersed in a optically inactive micro-mass (Fig. 5b, 5g ). In the latter case, calcite could be derived from either the alteration of gehlenite or the unreacted lime.
In lamp sherds fired at lower temperature, between 800 and 900°C, residual lime and/or incompletely dissociated calcite have been observed (Fig. 5c, 5e, 5f ). Moreover, X-ray diffraction analysis of sherds XLIII, No 2 -861 indicated that calcite content at those temperatures reached up to 16wt%, when in experimental ceramics fired at 850°C the concentration did not exceed 4wt% (Fig 4b) . In these low fired sherds, the ratio Fs/Gh is very high compared with that in experimental ceramics at 850°C (Fig. 4) .
Additionally, optical observation showed that ceramic bodies of lamps often exhibit zoning with an optically inactive rim (the firing has been completed) alternating with an optically active (high birefringence) core in which primary micrite calcite grains and/or residual lime dominate (Fig. 5d) . Their firing temperature is estimated around 950°C as evidenced by the higher content of new phases (fassaite, anorthite) and the absence of white mica, suggesting that its dehydroxylation has been completed. For these sherds, gehlenite content is also lower than that in experimental ceramics at the same temperature (Fig. 4) .
These specific features in the lamp sherds fired between 800 and 950ºC, which were not detected in the experimental ceramics, suggest a shorter overall firing duration (i.e. higher heating rate and/or shorter soaking period) in the ancient kiln. This fact led to a limited progress of mineralogical transformation across the ceramic body (partially decomposed calcite and/or residual lime). According to Moroni & Conti (2006) at 850°C the lime amount increases significantly at high heating rate and short soaking period whereas quantities of gehlenite tend to decrease drastically when heating rate increases. This happens due to the crystallization of new phases is governed by the kinetics of dehydroxylation and decarbonation reactions which in turn are controlled by the heating rate and soaking time.
Another factor which affects ceramic transformation is the shape of lamps (closed form), since this geometry hinders the entrance of hot gases to the interior (zoning, primary calcite preserved in core). Finally, the efficiency of kiln is one more reason which must be taken into account for the uncompleted decomposition of calcite or unreacted calcite. Modern kilns reach an efficiency of 30-85% whereas the efficiency of kilns in antiquity reached 20% at best, therefore the energy required for the decarbonation reaction was not readily available in ancient kilns (Freidin & Meir, 2005) .
All these factors, during the firing of lamps, provoked the limited decarbonation reaction released CaO in the system which was sufficient to participate in the crystallization of fassaite rather than gehlenite. For the latter mineral the content of CaO in its structure is around 30wt% (Deer et al., 1986) .
Conclusions
The comparison between Roman lamps and experimental ceramics gave a very good correlation in petrography, mineralogy, microstructure and microchemistry (Rathossi, 2005; Rathossi & Pontikes, 2010a,b) . The only difference lies in the lower rate of gehlenite's crystallization in Roman lamps. A higher proportion of Fs/Gh ratio results in comparison with that in experimental ceramics which could be ascribed to the following two basic reasons : a) the post-burial alteration of ancient sherds, which led to the dissolution of gehlenite and the formation of secondary calcite and b) the shorter sintering duration (i.e. higher heating rate and/or lower soaking time) applied by the ancient potters. Such a practise would prevent the complete mineralogical transformations in the ceramic body. Calcite has been detected in lamp sherds fired up to 950°C suggesting either the artial decomposed calcite or residual lime as the sintering duration was not enough to complete the neo-crystallization.
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